Abstract. Vegetable grafting began in the 1920s using resistant rootstock to control soilborne diseases. This process is now common in Asia, parts of Europe, and the Middle East. In Japan and Korea, most of the cucurbits and tomatoes (Lycopersicon esculentum Mill.) grown are grafted. This practice is rare in the United States, and there have been few experiments to determine optimal grafting production practices for different geographical and climatic regions in America. This is beginning to change as a result of the phase out of methyl bromide. The U.S. cucurbit and tomato industries are evaluating grafting as a viable option for disease control. Because reports indicate that type of rootstock alters yield and quality attributes of the scion fruit, some seed companies are investigating grafting as a means to improve quality. It has been reported that pH, flavor, sugar, color, carotenoid content, and texture can be affected by grafting and the type of rootstock used. Reports vary on whether grafting effects are advantageous or deleterious, but it is usually agreed that the rootstock/scion combination must be carefully chosen for optimal fruit quality. Additionally, it is important to study rootstock/scion combinations under multiple climatic and geographic conditions because many rootstocks have optimal temperature and moisture ranges. This report gives an overview of the effect of grafting on vegetable quality.
Reports mentioning quality of vegetables being affected by grafting began as early as the 1940s. Imazu (1949) recommended Cucurbita moschata (Duchesne ex. Poir) as a rootstock for Cucumis melo, because it conferred resistance to Fusarium wilt as well as strong plant vigor, although he reported that this rootstock also caused inferior texture and flavor in grafted 'Honey Dew' (Cucumis melo var. inodorus) fruits. If Cucurbita spp. are used as a rootstock with the melon 'Earl's Favorite', the quality of the fruit netting is poorer and sugar content decreases by 2 to 3°Brix than those on nongrafted plants (Kamiya and Tamura, 1964) . The interspecific hybrid rootstock, 'Shin-tosa' [Cucurbita maxima (Duchense ex. Lam.) · C. moschata], is resistant to Fusarium wilt but is almost never used for melon in Japan because it causes reduced fruit quality, including low sugar content, alcoholic fermentation, and fibrous flesh (Muramatsu, 1981) . Yamasaki et al. (1994) reported that grafting watermelon [Citrullus lanatus (Thunb.) Matsum. and Nakai] to interspecific hybrid squash caused more vigorous growth and resulted in firmer flesh than plants grafted to bottle gourd [Lagenaria siceraria (Molina) Standl.] rootstock and nongrafted watermelon controls. In the same study, grafting to both squash and bottle gourd decreased Brix. A recent study reported off-taste and texture in winter melon (Cucumis melo L. var. inodorus) fruit grown in Greece from some rootstock/ scion combinations (Koutsika-Sotiriou and Traka-Mavrona, 2002) . However, Davis and Perkins-Veazie (2005) report that grafting can increase lycopene content and firmness of watermelon flesh. Perkins-Veazie (personal communication) demonstrated that grafting watermelon could increase lycopene and total carotenoids by 20% and amino acids, especially citrulline, by 35%. Citrulline, a nonessential amino acid, was shown to have vasodilation properties (Lee et al., 1996) .
This article gives a general overview of how grafting affects vegetable quality and what quality traits are affected. It is intended to show the importance of careful selection of rootstock/scion combinations to ensure highquality grafted vegetable fruit.
HOW ROOTSTOCKS AFFECT SCIONS
There are many reasons why rootstocks affect scion fruit quality. The most obvious is rootstock/scion incompatibility, which induces undergrowth or overgrowth of the scion, leading to decreased water and nutrient flow through the grafted union, causing wilting. Incompatibility can be affected by tissue and structure difference, physiological and biochemical characteristics, growing stage of rootstock and scion, phytohormones, and the environment.
Generally, grafting compatibility is related to taxonomic affinity, but there are significant exceptions. Graft incompatibility as reviewed by Andrews and Marquez (1993) is differentiated from graft failure, which often results from environmental factors or lack of skill of the grafter. When grafting conditions have been successfully ensured, graft incompatibility could be attributed to other factors such as failure of rootstock and scion to affect a strong union, failure of the grafted plant to grow, or premature death of either rootstock or scion after grafting. Physiological incompatibility may also occur as a result of lack of cellular recognition, wounding responses, presence of growth regulators, or incompatibility toxins (Andrews and Marquez, 1993).
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Most reports on grafting suggest that changes in the scion are controlled by the rootstock through controlled uptake, synthesis, and translocation of water, minerals, and plant hormones (for a review, see Lee and Oda, 2003) . A few studies have explored how the scion is affected by mRNA and protein migrating from the rootstock. RuizMedrano et al. (1999) , Xoconostle-Cázares et al. (1999) , and Kudo and Harada (2007) showed that mRNA and Golecki et al. (1998) and Gómez et al. (2005) demonstrated that phloem proteins from the rootstock can migrate from the rootstock through the phloem to the scion and accumulate in the phloem and apical tissues. One of these mRNAs is a member of a gene family in which some the members are reported to be involved in apical meristem development (Ruiz-Medrano et al., 1999) . Another was shown to change leaf morphology of potato scion when grafted onto transgenic modified tomato rootstock (Kudo and Harada, 2007) . Tiedemannand Carstens-Behrens (1994) studied the phloem proteins that differed in cucumber (C. sativus) grafted on figleaf gourd (C. ficifolia) or on pumpkin (C. maxima). They found four proteins on sodium dodecylsulfate polyacrylamide gel electrophoresis gels in grafted scions that do not appear in control plants but matched the rootstock phloem protein pattern. Two of the proteins match the phloem protein 1 and phloem protein 2 molecular weight of the rootstock. Ruiz-Medrano et al. (1999) suggest this migration is a novel mechanism likely used to integrate developmental and physiological processes on a whole-plant basis. The phloem proteins role may be in long-distance transport of RNA within plants (Golecki et al., 1998) .
INCREASED NUTRIENT UPTAKE
Grafting influences absorption and translocation of phosphorus, nitrogen, magnesium, and calcium (Gluscenko and Drobkov, 1952; Ikeda et al., 1986; Kim and Lee, 1989; Pulgar et al., 2000; Ruiz et al., 1997) . Hu et al. (2006) suggested that improved nutrient uptake in grafted seedlings increases photosynthesis, which is particularly noticeable under less than optimal growing conditions such as weak sunlight and low CO 2 content in solar greenhouses during winter months. It has been suggested that these conditions allow grafted plants to produce higher yields, sometimes with improved fruit quality (Xu et al., 2005 (Xu et al., , 2006 Zhu et al., 2006) .
EFFECT OF GRAFTING ON THE PERIOD OF FLOWERING AND HARVEST
Sex expression and flowering order are controlled by plant hormones. The root-scion combination may alter amounts of hormones produced and their influence on grafted plants organs (Satoh, 1996) . Sakata et al. (2007) and Kurata (1976) state that compared with other rootstocks, watermelon grafted onto bottle gourd causes early formation of female flowers. In contrast, flowering is delayed in pumpkin-, bottle gourd-, wax gourd-, and watermelon-grafted watermelon, especially in plants with 'Shintosa'-type rootstocks (Yamasaki et al., 1994) . Flowering date affects fruit harvest time, which can have a direct impact on quality.
QUALITY
Clearly, the scion variety affects final size, yield, and quality of fruit in grafted plants, but rootstock effects can drastically alter these characteristics. There are many conflicting reports on changes in fruit quality resulting from grafting. The differences in reported results may be attributable in part to different production environments, type of rootstock/scion combination used, and harvest date. Because grafting affects flowering and harvest date, it is often difficult to harvest ripe fruit from grafted and nongrafted controls concurrently, further confusing results. Listed subsequently are a few examples of how grafting affects quality.
Abnormal fruit quality issues reported for C. melo include reduced fruit soluble solids content, persistent green color in the suture stripe, fruit fermentation, fibrous flesh, and off-taste (Chung, 1995; Kamiya and Tamura, 1964; Koutsika-Sotiriou and Traka-Mavrona, 2002; Lee, 1989; Lee et al., 1998; Muramatsu, 1981) .
Abnormal fruit quality issues reported for watermelon include reduced soluble solids content, increased number of yellowish bands in the flesh, insipid taste, poor texture (more fibers), and decreased firmness (Lee and Oda, 2003; Yamasaki et al., 1994) . However, others report positive effects of grafting watermelon, including an increase in fruit firmness, Brix, and lycopene content (Davis and Perkins-Veazie, 2005; Salam et al., 2002) . Yetisir et al. (2003) reported that quality (Brix, firmness, rind thickness, and fruit shape) of grafted watermelon was greatly affected by grafting, but the results were dependent on the rootstock used, whereas Miguel et al. (2004) found no difference in soluble solids concentration of watermelon fruit from scions grafted to a C. maxima · C. moschata hybrid rootstock compared with controls. Two studies indicate that grafting can increase fruit size in watermelon (Miguel et al., 2004; Salam et al., 2002 ).
An early report stated that crops that are harvested immature such as cucumber have fewer reported negative quality effects resulting from grafting, although increased firmness and shortening of fruits have been noted (Muramatsu, 1981) . However, later reports suggest that different rootstocks affect grafted cucumber quality characteristics such as fruit shape, skin and flesh color and texture, skin smoothness, firmness, rind thickness, and soluble solids content (Choi et al., 1992; Inayama, 1989; Kang et al., 1992; Robinson and Decker-Walters, 1997) . Zhu et al. (2006) reported an increase in ascorbic acid content with grafting. Table 1 demonstrates the inconsistency in published reports on quality effects of grafted vegetables. Breeding programs to select for improved rootstocks seem to have started a trend toward higher-quality fruit from grafted plants. Continued screening of rootstock/ scion combinations and continued rootstock selection will decrease the negative quality aspects for this valuable procedure.
CONCLUSION
Grafting can affect various quality aspects of vegetables. Rootstock/scion combinations should be carefully selected for specific climatic and geographic conditions. Appropriate selection can help control soilborne diseases and also increase yield and improve fruit quality. Fernández et al., 2004; Muramatsu, 1981; Pogonyi et al., 2005; Traka-Mavrona et al., 2000; TrionfettiNisini et al., 2002; Yamasaki et al., 1994; Yetisir et al., 2003; Zhu et al., 2006 . SSC = soluble solids content.
